TR3 (also known as NGFI-B and nur77) (6, 17, 44) , an immediate-early response gene, is an orphan member of the steroid/thyroid/retinoid receptor superfamily, whose members mainly act as transcriptional factors to positively or negatively regulate gene expression (22, 41, 67) . The role of TR3 in cell proliferation was suggested by numerous observations showing that its expression is rapidly induced by several mitogenic inducers, including serum growth factor, epidermal growth factor (EGF), and fibroblast growth factor (6, 9, 13, 17, 35, 44, 58) . However, whether TR3 expression has a causal role in promoting cell proliferation remains to be illustrated. Recent evidence also indicates that the expression of TR3 is required for apoptosis. TR3 was rapidly induced by T-cell receptor signaling in immature thymocytes and T-cell hybridomas (39, 60) . Overexpression of a dominant-negative TR3 protein (60) or inhibition of TR3 expression by antisense TR3 mRNA (39) inhibited T-cell-receptor-induced apoptosis, whereas constitutive expression of TR3 resulted in massive cell death (57, 64) . The involvement of TR3 in the apoptotic process was also observed in cancer cells. Apoptosis of lung cancer cells was accompanied by a rapid induction of TR3, which was effectively inhibited by antisense TR3 mRNA expression (34) . Rapid induction of TR3 also occurred in prostate cancer (56, 65) , ovarian cancer (20) , and gastric cancer (63) cells after stimulation of apoptosis by a variety of apoptosis-inducing agents. TR3 expression was also required for the apoptotic effect of Sindbis virus in NIH 3T3 cells (31) .
A disturbance in the balance between cell proliferation and cell death may predispose to tumor development or progression (12, 15) . Because of its involvement in regulating both processes, the abnormal expression and/or function of TR3 has been observed in cancer cells. TR3 is highly expressed in many different cancer cell lines (56, 62) . Levels of TR3 expression were higher in cancerous tissue than in adjacent normal or benign prostate hypertrophic tissue (56) . One member of the TR3 subfamily, Nor-1, was overexpressed in diffuse large B-cell lymphoma (54) . The involvement of TR3 in cancer development is further suggested by the finding that a member of the TR3 subfamily is involved in a chromosomal translocation identified in extraskeletal myxoid chondrosarcoma (8, 27, 28) . Interestingly, the receptor fusion protein is about 270-fold more active than the native receptor in transcriptionally activating a reporter containing the TR3 response element (27) . This suggests that the fusion receptor may exert its oncogenic effects by acting as a transcriptional factor to regulate expression of genes involved in promoting tumor development.
The mechanism by which TR3 exerts its biological functions remains largely unknown. Similar to other members of the steroid/thyroid/retinoid receptor superfamily, it was believed that TR3 functioned as a transcriptional factor to regulate gene expression necessary to alter the cellular phenotype in response to various stimuli. Consistent with this idea, TR3 response elements (NBRE or NurRE) have been identified (49, 59) . In addition, TR3 can heterodimerize with retinoid X receptor (RXR) (14, 48) and orphan receptor COUP-TF (62), both of which are known to positively or negatively regulate transactivation of many nuclear receptors, such as retinoic acid receptors, vitamin D receptor, and thyroid hormone receptor (TR) (22, 36, 41, 67) . Through its interaction with RXR and COUP-TF, TR3 may alter gene expression and subsequently the growth response of cells to vitamins and hormones (66) .
Recently we demonstrated that TR3, in response to apoptotic stimuli, translocates from the nucleus to the cytoplasm, where it targets mitochondria to induce cytochrome c release and apoptosis (33) . The apoptotic effect of TR3 does not require its transcriptional activity or DNA binding (4, 33) . Recent studies also demonstrated that another transcription factor, p53, targets mitochondria to initiate the apoptotic process (40) . Mitochondrial targeting of TR3 is also responsible for apoptosis of NIH 3T3 cells by Sindbis virus (31) . NGFI-B translocated from the nucleus to the cytoplasm in response to nerve growth factor (NGF) treatment in PC12 pheochromocytoma cells (23) . These observations indicate that some important TR3 functions are mediated by transcription-independent mechanism(s). Cytoplasmic action appears to be important for other nuclear receptors, including glucocorticoid receptor (GR) (52) , estrogen receptor (ER), and androgen receptor (25, 26, 43, 55) .
Another level of regulation of TR3 activities involves phosphorylation. TR3 is heavily phosphorylated in vivo on multiple sites in the amino terminus, which is primarily responsible for its transactivation activity, whereas its carboxyl terminus is devoid of phosphorylation sites (10) . Phosphorylation of TR3 at Ser 350 , a site within the A box downstream of the DNAbinding domain, inhibited its DNA binding and transactivation (19) . Interestingly, Akt was found to be responsible for the phosphorylation (42, 47) . In PC12 pheochromocytoma cells, NGFI-B is differentially phosphorylated upon treatment with NGF and membrane depolarization (16) . Phosphorylation of Ser 105 of NGFI-B by the TrKA/Ras/mitogen-activated protein (MAP) kinase pathway upon treatment with NGF resulted in the translocation of NGFI-B from the nucleus to the cytoplasm in PC-12 cells (23) .
We previously reported that TR3 expression was rapidly induced by the retinoid 6-[3-(1-adamantyl)-4-hydroxyphenyl]-2-naphthalene carboxylic acid (AHPN), a potent apoptosis inducer, in lung cancer cells (34) . In the present study, we found that TR3 was also induced by EGF and serum in the same lung cancer cell lines. Ectopic expression of TR3 in lung cancer cells stimulated their cell cycle progression and proliferation, whereas inhibition of endogenous TR3 expression suppressed proliferation induced by growth factors. We also observed that the mitogenic effect of TR3 required its DNA binding and transactivation functions, whereas both were dispensable for its apoptotic effect. In addition, we showed that the mitogenic effect of TR3 is associated with its presence in the nucleus, whereas its apoptotic effect was associated with its mitochondrial localization in the same cells. Furthermore, we found that MEKK1 strongly inhibited the transactivation and mitogenic effects of TR3 through activation of c-Jun N-terminal kinase (JNK), which in turn phosphorylated TR3, resulting in loss of its DNA binding activity.
MATERIALS AND METHODS
Cell culture. Calu-6 lung cells were grown in minimal essential medium supplemented with 10% fetal bovine serum (FBS), CV-1 and HEK293T cells were grown in Dulbecco's modified Eagel medium with 10% FBS, and H460 lung cancer cells were maintained in RPMI 1640 medium supplemented with 10% FBS.
Plasmid constructs. The cloning of GFP-TR3, GFP-TR3/⌬DBD (33) , and glutathione S-transferase (GST)-TR3 (62) have been described. TR3 cDNA fragments (154 to 583 and 123 to 583) were amplified by PCR using the forward primers 5Ј-GAA GAT CTT CAT GTG GGA TGG CTC CTT CGG CCA CTT  C-3Ј (for amplification of 154 to 583), 5Ј-GAA GAT CTT CAT GGC CCT GTC  CTC CAG TGG CTC TGA C-3Ј (for amplification of 123 to 583), and a  common reverse primer 5Ј-CGG AAT TCC GGC ACC AAG TCC TCC AGC  TTG AGG TAG-3Ј . The fragments were digested with BglII and EcoR1 and ligated into BglII-and EcoR1-digested pGFP-N2 vector (Clontech) to generate GFP-TR3/⌬153 and GFP-TR3/⌬122, respectively. TR3 cDNA (1 to 151) was amplified using 5Ј-GAA GAT CTT CAT GCC CTG TAT CCA AGC CCA ATA TG-3Ј (forward primer) and 5Ј-CGG AAT TCC GGA GCT GGG GCG GCT GGA AGC TGG G-3Ј (reverse primer), digested with BglII and EcoR1, and ligated into BglII-and EcoR1-digested pGFP-N2 vector or pGEX-3X vector to generate GFP-TR3-1-151 and pGEX-TR3-1-151, respectively. The construction of the reporter plasmids NurRE-tk-CAT, ERE-tk-CAT, TREpal-tk-CAT, GREtk-CAT, and Ϫ73-Col-CAT and the receptor expression plasmids pECE-ER, pECE-TR, and pECE-GR were described previously (33, 34, 36, 37, 38, 62) . NBRE-tk-CAT was obtained by inserting two copies of the NBRE oligonucleotide (AAAGGTCA) into the BamHI site of pBLCAT 2 .
Confocal microscopy. Cells were seeded onto coverslips in six-well plates overnight and then transiently transfected with green fluorescent protein (GFP) fusion expression plasmids. After 16 h, cells were washed with phosphate-buffered saline (PBS) and fixed in 4% paraformaldehyde. For mitochondrial staining, cells were then incubated with anti-heat shock protein 60 (Hsp60) goat immunoglobulin G (Santa Cruz Biotech) followed by anti-goat immunoglobulin G conjugated with Cy3 (Sigma). Cells were treated with 3-Cl-AHPC (MM002) (10 Ϫ6 M) (68) for 3 h to study its effect on subcellular localization of endogenous TR3. Anti-TR3 antibody used for immunostaining was custom made by Abgent.
Cell proliferation assay. Cells were seeded at 1,000 cells per well in 96-well plates and maintained in medium containing 0.5% FBS. After 24 h, they were treated with EGF or medium containing 10% FBS for 2 days. The control cells received vehicle (PBS). Viable cell number was determined by addition of 20 l of 2-mg/ml MTS [3-(4,5-dimethylthiazol-2yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]-phenozine methosulfate solution (46 g/ml) (Promega) to each well as per the manufacturer's recommendation, and incubation was continued for 2 to 4 h at 37°C in the dark. Absorbance (490 nm) was measured on a Bio-Rad 550 microplate reader.
Apoptosis analysis. H460 cells were transfected with GFP-TR3/⌬DBD expression vector and maintained in 0.5% FBS for 36 h. Cells were then washed with PBS, fixed with 3.7% paraformaldehyde, and stained with 50 g of 4,6-diamidino-2-phenylindole (DAPI) (Sigma)/ml containing 100 g of DNase-free RNase A (Boehringer Mannheim)/ml to visualize the nuclei. Stained cells were examined by fluorescence microscopy as described previously (33, 34) .
Cell cycle analysis. Cells were trypsinized and collected by centrifugation at 1,000 rpm for 3 min. Cells were then washed with PBS, fixed with 4% formaldehyde, and permeabilized with 0.05% Tween 20 (Sigma). The fixed cells were then collected by centrifugation at 2,000 rpm (Eppendorf 5804R) for 5 min, and the cell pellets were washed twice with PBS and then resuspended in PBS containing 50 g of propidium iodide (Sigma)/ml and 100 g of DNase-free RNase A (Boehringer Mannheim)/ml. The cell suspension was incubated for 30 min at 37°C, protected against light, and analyzed using the FACScater-plus flow cytometer (Becton Dickinson) (24) .
BrdU analysis. Cells were incubated with 5-bromo-2Ј-deoxyuridine (5-BrdU) (20 M) (Sigma) for 2 h before harvesting. Following trypsinization and two PBS washes, cells were fixed with 4% paraformaldehyde. After a 20-min incubation at room temperature, 0.1% saponin (Sigma) was added to the cell suspension, and the incubation was continued for another 10 min. The cells were then centrifuged, washed twice with PBS containing 0.1% saponin, and resuspended in PBS containing 30 g of DNase I (Roche Diagnostics). After a 1-h incubation with either an anti-BrdU fluorescent antibody or an isotope control antibody (Pharmingen), cells were given a final PBS wash before being analyzed by the FACScater-Plus flow cytometer (Becton Dickinson).
Antibodies and Western blotting. Cells were lysed in 150 mM NaCl, 10 mM Tris-HCl (pH 7.4), 5 mM EDTA, 1% Triton X-100 containing protease inhibitors, phenylmethylsulfonyl fluoride, aprotinin, leupeptin, and pepstatin, and sonicated on ice. Alternatively, cells were directly lysed on the plates with warm 2ϫ Laemmli sample buffer, immediately after complete removal of medium from the cells. Cell lysates were then collected by scraping and sonicated on ice. Equal amounts of lysates (50 g) or equal volumes (when cell lysates were made by direct addition of sample buffer) of cell lysates were boiled in 2ϫ Laemmli sample buffer, resolved by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis and transferred onto Immobilon-P transfer membranes (Millipore).
After transfer, the membranes were blocked with 5% nonfat milk in TBST (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 0.1% Tween 20) and then incubated with primary antibody in TBST. The membranes were washed three times with TBST and then incubated for 1 h at room temperature in TBST containing horseradish peroxidase-linked anti-rabbit immunoglobulin (Sigma). After three washes in TBST, immunoreactive products were detected by chemiluminescence using an enhanced chemiluminescence system (ECL; Amersham). Anti-TR3 antibody used for Western blotting was obtained from Geneka (now Active Motif). Anti-␣-tubulin was obtained from Sigma Biochemicals. Anti-GFP antibody was obtained from Santa Cruz Biotechnology.
Transient-transfection assay. Cells (10 5 ) were seeded in 24-well culture plates. A modified calcium phosphate precipitation procedure was used for transient transfection as described elsewhere (36) . Typically, 200 ng of reporter plasmid, 100 ng of ␤-galactosidase expression vector (pCH 110; Pharmacia), various amounts of receptor expression vector, and vector expressing either MEKK1-DA, MEKK1-DN, or JNK were mixed with carrier DNA (pBluescript) to give 1.0 g of total DNA per well. Chloramphenicol acetyltransferase (CAT) activity was normalized for transfection efficiency on the basis of cotransfected ␤-galactosidase (␤-Gal) gene activity. For cell cycle and Brdu incorporation analysis, cells were seeded in 90-mm-diameter dishes and transfected.
siRNA transfections. Small interfering RNAs (siRNAs) used in these experiments were from Dharmacon Research Inc. The following siRNA sequences were used: TR3 siRNA, 5Ј-CAG UCC AGC CAU GCU CCU C dTdT-3Ј; scrambled siRNA, 5Ј-GCG CGC TTT GTA GGA TTC G dTdT-3Ј. A 10-l aliquot of 20 M siRNA/well was transfected into cells in six-well plates using Oligofectamine reagent (Invitrogen) as per the manufacturer's recommendations.
Bacterial expression of proteins. A single colony of Escherichia coli (BL21) transformed with pGEX, pGEX-TR3, or pGEX-TR3-1-151 was grown in 3 ml of Luria-Bertani medium at 37°C overnight, diluted to 200 ml, and grown at 37°C until the optical density at 600 nm reached 0.8 to 1. Isopropyl-␤-D-thiogalactopyranoside (1 mM) was added, and the bacterial culture was grown at room temperature for 3 h. The bacteria were harvested, resuspended in PBS containing a protease inhibitor cocktail (Sigma), and lysed by sonication on ice. The lysate was centrifuged at 10,000 ϫ g for 30 min to remove cell debris. The supernatant was incubated with glutathione Sepharose 4B beads overnight (Pharmacia). The beads were washed three times with PBS containing protease inhibitors and eluted by reduced glutathione. GST-c-Jun was commercially supplied by Stratagene.
In vitro phosphorylation assay. Bacterially expressed and purified GST-c-Jun or GST-TR3 protein was incubated with 2 Ci of [␥- M magnesium acetate, 50 M ATP) at 30°C for 30 min and electrophoresed on a 10% polyacrylamide gel. The gel was dried and exposed to X-ray film.
Gel retardation assays. For the protein-DNA binding assay, bacterially expressed and purified TR3 protein (approximately 100 g) or TR3 protein subjected to in vitro phosphorylation by JNK was incubated with the 32 P-labeled NurRE oligonucleotides (33) in a 20-l reaction mixture containing 10 mM HEPES buffer (pH 7.9), 50 mM KCl, 1 mM dithiothreitol, 2.5 mM MgCl 2 , 10% glycerol, and 1 g of poly(dI-dC) at 25°C for 20 min. Bovine serum albumin was used to maintain equal protein concentrations in all reaction mixtures. Each reaction mixture was then loaded onto a 5% nondenaturing polyacrylamide gel containing 0.5% TBE (1% TBE contains 0.089 M Tris-borate, 0.088 M boric acid, and 0.002 M EDTA). The gel was dried and exposed to X-ray film.
RESULTS
TR3 is induced by serum and EGF in lung cancer cells. TR3 expression can be induced by both apoptotic and mitogenic agents (6, 9, 13, 17, 35, 44, 58) . We previously reported that TR3 expression was induced by the apoptosis-inducing retinoid AHPN in H460 lung cancer cells (34) . Here, we examined whether TR3 expression was also induced by mitogenic factors in these cells. H460 cells grown in the absence of serum were treated with EGF or serum. Cell extracts were then prepared and analyzed for TR3 expression by Western blotting. Treatment with the phorbol ester 12-O-tetradecanoylphorbol-13-acetate, which is a strong inducer of TR3 expression (33), was used for comparison. TR3 was expressed at very low levels when cells were cultured in serum-free medium. However, higher levels of TR3 were detected when cells were cultured in medium containing either serum or EGF (Fig. 1A) , indicating that both serum and EGF induce TR3 expression. To study the mitogenic effect of serum and EGF in lung cancer cells, we examined the growth of H460 cells cultured in serum or EGFcontaining medium. As shown in Effect of EGF and serum on lung cancer cell proliferation. H460 cells were seeded (1,000 cells/well) in 96-well plates and maintained in serum-free medium for 24 h. The cells were then grown in serum-free medium or medium containing 10% FBS or treated with EGF (200 ng/ml) for 48 h. Viable cell numbers in quadruplicate were then determined by the MTS assay. Cells maintained in serum-free medium were set to 100%. The increase in cell numbers after EGF and FBS stimulation was normalized relative to cell numbers maintained in serum-free medium. The bars represent averages Ϯ mean from two experiments.
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pression induced by mitogenic factors is associated with the growth of H460 lung cancer cells. Mitogenic effects of TR3. The above-described results suggested that TR3 expression might mediate the mitogenic effect of growth factors in lung cancer cells. We then tested whether ectopic expression of TR3 alone would confer proliferation of lung cancer cells. We transiently transfected an expression vector containing TR3 fused with GFP into both H460 and Calu-6 lung cancer cells. Fusion of TR3 with GFP allowed the identification of TR3-transfected cells by flow cytometry. As a control, cells were transfected with the GFP vector. TR3-transfected and nontransfected cells were identified by flow cytometry, and their cell cycle progression was determined (Fig. 2) . Expression of GFP-TR3 in both H460 and Calu-6 cells resulted in enhanced S/G 2 -phase population. Fifteen percent of the nontransfected H460 cells were in S/G 2 phase, which was increased to 25% upon GFP-TR3 expression. The effect of GFP-TR3 on induction of cell cycle progression was specific to TR3 expression, because expression of GFP control protein did not show a significant effect on the S/G 2 cell population ( Fig. 2A) . Similarly, expression of GFP-TR3 in Calu-6 lung cancer cells led to a similar increase in the S/G2 cell population from 12 to 21% (Fig. 2B) . These results demonstrated that the expression of TR3 promoted cell cycle progression in both H460 and Calu-6 lung cancer cells. We also confirmed the mitogenic effect of TR3 by BrdU labeling. Again, the GFP control vector or GFP-TR3 expression vector was transfected into lung cancer cells. GFP-or GFP-TR3-transfected cells were identified from nontransfected cells by flow cytometry, and both populations of cells were analyzed for BrdU incorporation (Fig.  3A) . GFP-TR3-transfected H460 and Calu-6 cells exhibited much stronger BrdU incorporation (14.5 and 12%, respectively) than GFP-transfected cells, which when maintained in low serum displayed about 1% BrdU-positive cells (Fig. 3B) .
Together, these data demonstrate that ectopic TR3 expression promotes the cell cycle progression and proliferation of lung cancer cells. Requirement of TR3 for serum-or EGF-induced mitogenic effects in lung cancer cells. To determine whether endogenous TR3 plays a role in serum-or EGF-induced mitogenic effects, we used the siRNA approach to inhibit the expression of endogenous TR3 and determined its effect on the mitogenic function of serum and EGF. Transfection of siRNA specific to TR3 was able to inhibit the expression of endogenous TR3 in H460 cells, compared to the transfection of control scrambled siRNA (Fig. 4A) . A high-molecular-weight nonspecific band detected by anti-TR3 antibody and the expression of ␣-tubulin served as controls for specific inhibition of TR3 expression. We determined the mitogenic effects of EGF and serum in H460 cells transfected with either TR3 siRNA or the control siRNA. We observed a 45 or 31% decrease in the number of cells in the TR3 siRNA-transfected population (compared to the control scrambled siRNA transfected cells) when cells were cultured for 48 h in presence of EGF or serum, respectively (Fig.  4B ). The effect of TR3 siRNA on cell proliferation was also studied by BrdU labeling. Fifteen and 12% of cells were BrdU positive after FBS and EGF stimulation of control cells, respectively. However, in TR3 siRNA-transfected cells, the BrdU-positive cells were reduced 5 and 2% after FBS and EGF stimulation, respectively. TR3 siRNA also suppressed the growth of H460 cells in the absence of EGF or FBS. This observation is likely due to the inhibition of mitogenic and survival function of endogenous TR3. Similar results were also obtained in H292 lung cancer cells (data not shown). Thus, TR3 plays a causal role in the proliferation of lung cancer cells in response to EGF and serum treatment.
DNA binding and transactivation of TR3 are required for its mitogenic effect. We previously showed that DNA-binding and transactivation of TR3 were not required for its apoptotic effect in LNCaP prostate cancer cells (33) . To study whether DNA-binding and transactivation were required for the mitogenic effect of TR3 in lung cancer cells, TR3 mutants (Fig. 5A ) lacking either the DNA-binding domain (DBD) (TR3/⌬DBD) or its N terminus (TR3/⌬N153), which contains the major transactivation function (1, 2, 10), were analyzed. The mutants were initially evaluated for their transactivation using the NurRE-tk-CAT reporter that contains a TR3 homodimerbinding site (NurRE) (49) fused with the tk promoter (Fig.  5B) . Transfection of the TR3 expression vector strongly induced transcription of the reporter gene. As expected, cotransfection of TR3/⌬DBD did not show any induction of reporter gene activity. Deletion of the N-terminal region also impaired its transactivation function, since cotransfection of TR3/⌬N153 did not result in any induction of reporter gene transcription. TR3/⌬DBD and Tr3/⌬N153 were functionally expressed in the cells as they acted dominant negatively on TR3-dependent NurRE reporter gene activity (data not shown). The TR3 mutants fused to the GFP were then transfected into H460 and TR3 were also required for its death activity in lung cancer cells, we studied the apoptotic effect of TR3/⌬DBD. TR3/ ⌬DBD was transiently transfected into H460 cells, and apoptosis of transfected cells was determined by DAPI staining. GFP-TR3/⌬DBD-expressing H460 cells, but not nonexpressing cells, displayed extensive nuclear fragmentation (Fig. 5D) . Thus, TR3 retained its apoptotic activity in lung cancer cells despite the deletion of its DBD. Expression of TR3/⌬N153 in H460 cells did not exhibit any apoptotic effect, although it effectively suppressed TR3-induced transcription of the NurRE-tk-CAT reporter (data not shown). Together, our results demonstrate that the DNA-binding and transactivation functions of TR3 are required for its mitogenic effects, whereas they are dispensable for its apoptotic activity in the same cells.
Subcellular localization of mitogenic and apoptotic TR3. We previously reported that subcellular localization of TR3 determines its biological function in prostate cancer cells (33, 66) . We next examined whether TR3 resided in the nucleus to confer its DNA binding, transactivation, and mitogenic effect in lung cancer cells. Subcellular localization of GFP-TR3, which induced proliferation of H460 cells (Fig. 2 and 3) , was examined by confocal microscopy. Immunostaining of heat shock protein 60 (Hsp60), a mitochondrion-specific protein, was used as a "cytoplasmic" control. Our results demonstrated that GFP-TR3 was confined in the nucleus (Fig. 6A) , suggesting that it exerts mitogenic effect via its nuclear action. We previously showed that TR3/⌬DBD acted on mitochondria to induce apoptosis of LNCaP prostate cancer cells (33) . Since TR3/⌬DBD also induced apoptosis of H460 cells (Fig. 5D) , we then investigated whether it also resided on the mitochondria in these cells. In Fig. 6B , we show that the distribution of transfected GFP-TR3/⌬DBD overlapped extensively with that of Hsp60, indicating the association of TR3/⌬DBD with mitochondria in H460 cells. We also examined whether apoptotic stimulus, such as an AHPN analog, could induce TR3 mitochondrial localization, as it does in LNCaP cells (33) . Expression of TR3 was induced by the AHPN analog 3-Cl-AHPC (also called MM002) (68) (Fig. 7A) , consistent with our previous observation (34) . However, treatment of H460 cells with 3-Cl-AHPC did not activate the NurRE-tk-CAT reporter despite its induction of TR3 expression (Fig. 7B) . In contrast, transfection of the GFP-TR3 expression vector into H460 cells strongly induced transcription of the reporter. Interestingly, transcriptional activity of GFP-TR3 was almost completely suppressed when H460 cells were treated with 3-Cl-AHPC (Fig. 7B) . Similar to other AHPN analogs, 3-Cl-AHPC strongly induced mitochondrial membrane potential change (Fig. 7C) , growth inhibition (Fig. 7D) , and apoptosis (Fig. 7E) FIG. 6. Cellular localization of GFP-TR3 and GFP-TR3/⌬DBD. The GFP-TR3 (A) or GFP-TR3/⌬DBD (B) expression vector was transiently transfected into H460 cells seeded onto coverslips. After 20 h, cells were immunostained with anti-Hsp60 antibody followed by Cy3-conjugated secondary antibody to detect mitochondria. GFP-TR3 or GFP-TR3/⌬DBD and mitochondria (Hsp60) were visualized using confocal microscopy, and the two images were overlaid (Overlay). About 80% of the transfected cells showed the pattern presented. Ϫ6 M 3-Cl-AHPC or not treated (control) for 3 h, fixed, and then immunostained with mouse monoclonal anti-TR3 antibody followed by Cy3-conjugated secondary antibody or with anti-Hsp60 antibody followed by fluorescein isothiocyanate-conjugated secondary antibody. TR3 and Hsp60 were visualized using confocal microscopy, and images were overlaid (Overlay) as indicated. About 50% of the cells showed mitochondrial localization of endogenous TR3 after 3-Cl-AHPC treatment (n ϭ 2). To study the possible mechanism by which 3-Cl-AHPC induced apoptosis, we examined the subcellular localization of TR3 in H460 cells in the absence or presence of 3-Cl-AHPC. Although basal TR3 that was expressed in H460 cells resided in the nucleus (Fig. 7F) , TR3 was found mainly in the cytoplasm and associated with mitochondria when cells were treated with 3-Cl-AHPC (Fig. 7F) . Thus, TR3 exerts its mitogenic effect in the nucleus, consistent with our observations that both its DNA-binding and transactivation functions are required. In contrast, TR3 acts on mitochondria to initiate apoptosis in lung cancer cells, as observed previously in prostate cancer cells (33) . MEKK1 downregulates TR3 transactivation. Phosphorylation of TR3 plays a role in modulating its transactivation function (10, 19) . Since MEKK1 regulates activity of several nuclear receptors (3, 21, 53) , we studied whether MEKK1 also modulated TR3 transactivation. A constitutively active MEKK1 (MEKK1-DA) expression vector (5) was cotransfected with TR3 expression vector into CV-1 cells. The effect of MEKK1-DA expression on TR3 transactivation was then evaluated by a reporter gene assay using either the reporter NurRE-tk-CAT or the reporter NBRE-tk-CAT that contains the TR3 monomer-binding site (59) fused with the tk promoter (Fig. 8A) . Expression of TR3 strongly activated the transcription of both reporters. Expression of MEKK1-DA did not show any effect on tk promoter activity. However, upon cotransfection of the MEKK1-DA expression vector, the TR3-induced transcription of both reporters was suppressed in a MEKK1-DA concentration-dependent manner. Cotransfection of 100 ng of MEKK1-DA expression vector resulted in almost complete repression of TR3-induced NurRE-tk-CAT reporter transcription. In contrast, expression of a kinase-deficient dominant-negative MEKK1 mutant (MEKK1-DN) (5) did not show any effect on TR3 transactivation, suggesting that the kinase activity of MEKK1 was required (Fig. 8B) . Inhibition of TR3 transactivation by MEKK1-DA expression was not due to inhibition of expression of TR3, because GFP-TR3 was equally expressed in the absence or presence of coexpressed MEKK1-DA (Fig. 8C) . Confocal microscopy analysis revealed that the nuclear localization of GFP-TR3 was not apparently altered by MEKK1-DA coexpression (Fig. 8D) , excluding the possibility that the inhibition of TR3 transactivation was due to relocalization of TR3 from the nucleus.
To determine whether the inhibition of TR3 transactivation by MEKK1-DA was specific to TR3, we examined the effect of MEKK1-DA on transactivation of ER and TR, using reporters containing their respective response elements fused to the tk promoter. As shown in Fig. 8E , cotransfection of the MEKK1-DA expression vector did not interfere with transcription induced by ER and TR. MEKK1 is a known activator of JNK, which in turn activates AP-1 (46) . As expected, cotransfection of the MEKK1-DA expression vector strongly enhanced transcription of an AP-1 reporter gene, Ϫ73Col-CAT (Fig. 8E) .
TR3 is known to inhibit transactivation of GR through their heterodimerization (50) . To further characterize the effect of MEKK1-DA on TR3 activity, we examined whether expression of MEKK1-DA abolished transrepression of GR activity by TR3. Cotransfection of GR expression vector induced transcription of a GR-dependent reporter gene (GRE-tk-CAT) in cells treated with the GR ligand, dexamethasone (Dex) (Fig.  8F) . GR-induced reporter transcription was repressed when TR3 expression vector was cotransfected, consistent with a previous observation (50) . Cotransfection of the MEKK1-DA expression vector alone did not significantly regulate GR activity in the absence or presence of Dex. When it was cotransfected with TR3, TR3-mediated inhibition of GR activity was not prevented. Thus, MEKK1-DA specifically inhibits the transactivation function of TR3 but not its transrepression activity.
MEKK1 suppresses the mitogenic effect of TR3. Since transactivation of TR3 was required for its mitogenic effect and MEKK1-DA inhibited TR3 transactivation, we examined the effect of MEKK1-DA expression on TR3-induced cell cycle progression in H460 and Calu-6 cells. As shown in Fig. 9A , the TR3-mediated increase in S/G 2 cell population was largely abolished when MEKK1-DA was coexpressed, while the expression of MEKK1-DA alone did not have any effect on the cell cycle progression. In addition, the increase in incorporation of BrdU that resulted from TR3 expression was abrogated when cells were cotransfected with the MEKK1-DA expression vector (Fig. 9B ). These data demonstrate that down-regulation of TR3 transactivation by MEKK1-DA is associated with inhibition of the mitogenic effect of TR3.
Activation of JNK is responsible for the effect of MEKK1. Because MEKK1 is a potent activator of JNK (46), we next examined whether activation of JNK mediated the MEKK1-induced inhibition of TR3 transactivation by analyzing the GFP-TR3 expression vector (5 g) was transfected into H460 cells with or without MEKK1-DA (5 g) expression vector. Forty-five hours after transfection, amounts of GFP-TR3-expressing cells (percent green cells) were determined by flow cytometry. Similar results were observed in Calu-6 cells. The bars represent the averages Ϯ mean from two experiments. (D) MEKK1 expression does not alter TR3 nuclear localization. GFP-TR3 alone (1.0 g) or together with MEKK1-DA (1.0 g) was transiently expressed in H460 cells. Fourteen hours later, cells were immunostained with anti-Hsp60 antibody followed by Cy3-conjugated secondary antibody to detect mitochondria. GFP-TR3 was visualized using confocal microscopy, and the two images were overlaid (Overlay). (E) Effect of MEKK1 expression on transactivation of other nuclear receptors and AP-1. The expression vector for ER or TR (25 ng) and the corresponding reporter gene (ERE-tk-CAT or TREpal-tk-CAT, respectively) were cotransfected into CV-1 cells with or without MEKK1-DA expression vector (30 ng). Twenty hours after transfection, cells were treated with estradiol (10 Ϫ8 M) or T 3 (10 Ϫ7 M), and CAT activity was determined and normalized relative to cotransfected ␤-Gal gene activity. For measuring the effect of MEKK1 on AP-1 activity, the Ϫ73Col-CAT (250 ng) reporter (37) was transfected with or without MEKK1-DA expression vector (30 ng). Reporter gene activity was measured as described earlier. One of three similar experiments is shown. (F) MEKK1 does not affect the transrepression activity of TR3. TR3 expression vector (20 ng) with or without MEKK1-DA expression vector (30 ng) and/or GR expression vector (20 ng) was cotransfected into CV-1 cells with the GRE-tk-CAT reporter vector (50) . Twenty hours after transfection, cells were treated with Dex (10 Ϫ7 M), and CAT activity was determined and normalized relative to cotransfected ␤-Gal gene activity. One of two similar experiments is shown.
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effect of dominant-negative JNK on MEKK1 activity (Fig.  10A ). JNK consists of three different isoforms, JNK1, JNK2, and JNK3 (45) . We therefore used dominant-negative mutants of the isoforms to determine the involvement of each isoform. Cotransfection of MEKK1-DA strongly inhibited TR3-induced NurRE-tk-CAT activity. When the expression vector for JNK1-DN was cotransfected, the inhibitory effect of MEKK1-DA on TR3-dependent transactivation was largely relieved. In contrast, cotransfection of JNK2-DN or JNK3-DN did not show any effect on MEKK1-DA activity. MEKK1 is also known to induce the activity of Erk and p38 (46) . Therefore, we examined whether activation of Erk and p38 plays a role in mediating the effect of MEKK1, by using PD98059, a specific inhibitor of the Erk pathway, and SB202190, a p38 inhibitor. Treatment of cells with either inhibitor did not influence the inhibitory effect of MEKK1-DA on TR3 transactivation (Fig. 10B) . Together, these results demonstrate that the inhibition of the TR3 transactivation function by MEKK1 is mainly mediated by the activation of JNK1 by MEKK1. JNK phosphorylates the N terminus of TR3 and inhibits binding of TR3 to DNA. To study how JNK regulated TR3 activity, we examined whether JNK phosphorylated TR3. Bacterially expressed GST-TR3 fusion protein was incubated with JNK in vitro. As shown in Fig. 11A , GST-TR3 was strongly phosphorylated by JNK, whereas the similarly prepared GST control protein was not. For comparison, GST-c-Jun was found to be similarly phosphorylated by JNK. Interestingly, a TR3 fragment containing only the N terminus was also heavily phosphorylated. We also studied whether TR3 was phosphorylated by JNK in vivo. The TR3 expression vector was trans- FIG. 9 . Effect of MEKK1 on TR3 mitogenic activity. (A) GFP-TR3 or GFP control expression vector (5 g) and/or MEKK1-DA expression vector (5 g) were transfected into H460 or Calu-6 cells, which were seeded in 9-mm-diameter dishes and then maintained in medium containing 0.5% FBS. The transfected and GFP-expressing subpopulations of cells were identified by their high level of green fluorescence compared to nontransfected cells using flow cytometry (24) . The cell cycle distribution of the transfected cells was then determined as described for Fig. 2 . The increase in S-G 2 phase population was calculated by comparing the S-G 2 -phase cells from transfected cells to those from nontransfected cells in the same culture dish. (B) BrdU-positive cells were identified by immunostaining as described for Fig. 3 , except that H460 cells were pulsed with BrdU for 6 h. The bars in panels A and B represent the averages Ϯ mean from two experiments. fected into HEK293T cells, which were then treated with anisomycin, a potent inducer of JNK (18) . Immunoblotting analysis revealed that anisomycin treatment resulted in the slow migration of the expressed GFP-TR3 protein, compared to the GFP-TR3 protein expressed in untreated cells (Fig.  11B) . The anisomycin-induced retarded migration of the TR3 protein was prevented when cells were pretreated with a JNK inhibitor. These results suggest that phosphorylation of TR3 by JNK was responsible for the slower migration of the TR3 protein. Similar to full-length TR3, the N-terminal mutant of TR3 (TR3-1-151), which contained the first 151 amino acid residues, was modified by the anisomycin treatment, which was also prevented by the JNK inhibitor (Fig. 11B) . In contrast, the migration of TR3/⌬122, which lacks the first 122 amino acid residues, was not affected by anisomycin treatment. These data strongly suggest that TR3 is mainly phosphorylated on the N terminus by JNK.
To determine whether phosphorylation of TR3 by JNK affected its DNA binding, a gel retardation assay was conducted to determine the binding of TR3 protein to NurRE before and after its phosphorylation by JNK. As shown in Fig. 11C , bacterially expressed TR3 protein formed a strong complex with the NurRE. However, upon phosphorylation by JNK in vitro, binding of TR3 to the NurRE was largely impaired. In addition, the weak complex formed between TR3 and NurRE migrated slightly faster than that formed by unphosphorylated TR3, probably reflecting a change in TR3 conformation by phosphorylation. Thus, the effect of MEKK1 is likely mediated by its activation of JNK, which then phosphorylates TR3 and inhibits TR3 DNA binding and transactivation.
DISCUSSION
Numerous studies have demonstrated that TR3 expression is rapidly and strongly induced by a variety of growth factors (13, 17, 44) . However, whether TR3 expression plays a causal role in mediating the growth-stimulating effect of these growth factors remains to be illustrated. In this study, we provide several pieces of evidence demonstrating that TR3 is directly involved in promoting cell growth. First, TR3 expression was strongly induced by such mitogenic stimuli as EGF or serum in lung cancer cells (Fig. 1) , similar to that observed in other cell types (6, 9, 13, 17, 35, 44, 58) . In addition, we show for the first time that ectopic expression of TR3 resulted in the acceleration of cell cycle progression and proliferation in both H460 and Calu-6 lung cancer cell lines ( Fig. 2 and 3) . Moreover, inhibition of endogenous TR3 expression by the siRNA approach suppressed the growth of H460 cells and also abrogated cell proliferation induced by EGF or serum (Fig. 4) . These data clearly demonstrate that TR3 is directly involved in promoting lung cancer cell growth.
The results of our studies on how TR3 exerts its mitogenic effect in lung cancer cells indicate that both DNA binding and transactivation of TR3 are required. TR3 lacking the DBD (TR3/⌬DBD) failed to promote the growth of H460 cells (Fig.  5) . In addition, deletion of the N-terminal sequence, which contributes to the major transactivation function of TR3, impaired TR3-mediated proliferative effects (Fig. 5) . Furthermore, inhibition of TR3 transactivation by constitutively active MEKK1 (MEKK1-DA) suppressed its mitogenic effect ( Fig. 8  and 9 ). Consistent with the notion that TR3 transactivation is associated with cell proliferation, both basal endogenous TR3
and ectopically expressed TR3 resided in the nuclei of H460 lung cancer cells ( Fig. 6 and 7) . Thus, TR3 confers its growthpromoting activities through its transcriptional regulation of genes in the nucleus. How TR3 acts in the nucleus to exert its mitogenic effects remains unknown. Recently we found that TR3 expression was associated with retinoid resistance (62) . In Bacterially expressed TR3 or TR3 that had been phosphorylated by JNK in vitro were incubated with 32 P-labeled NurRE and analyzed by gel retardation assay as described previously (36) . One of two similar experiments is shown. addition, we observed that TR3 could inhibit transcriptional activation induced by retinoids (7) . TR3 can heterodimerize with RXR (14, 48, 61) and COUP-TF (62), important regulators of retinoid responses. Thus, modulation of retinoid signaling by TR3 may represent a mechanism by which TR3 acts in the nucleus to promote cancer cell growth.
TR3 is recognized by Western blot analysis as three bands ranging from 55 to 70 kDa (Fig. 4) . All the three bands were induced by the AHPN analog 3-Cl-AHPC (Fig. 7A) , whereas serum or EGF specifically induced only one form of TR3 (Fig.  1A) . We consistently observed that the ectopically expressed GFP-TR3 or Myc-tagged TR3 also exists as multiple forms (Fig. 11B and data not shown) . The multiple bands may correspond to different phosphorylation states of TR3. The N terminus (amino acids 1 to 151) of TR3 is composed of 29 serines and is heavily phosphorylated. In support of this, GFP-TR3-1-151 exists as multiple forms in the cell (Fig. 11B) , whereas a TR3 mutant lacking the N-terminal sequences (GFP-TR3/⌬N122) is recognized as a single band on the Western blot (Fig. 11B) . Thus, differential induction of TR3 expression reflects different modification of TR3 protein in response to an apoptotic stimulus or a mitogenic stimulus. This is consistent with the notion that TR3 function is regulated by modification of the TR3 protein, most likely through phosphorylation.
Previous studies demonstrated that phosphorylation plays a critical role in regulating TR3 functions. In PC12 cells, NGFI-B induced by NGF or fibroblast growth factor, which promoted PC12 cell differentiation, was found to be heavily phosphorylated (13) . Notably, phosphorylated NGFI-B was diffusely distributed in both the nucleus and the cytoplasm, while the underphosphorylated NGFI-B was found only in the nucleus. These observations suggest that phosphorylation regulates biological function and cellular localization of NGFI-B. Katagiri et al. recently reported that NGF-induced phosphorylation of Ser 105 of NGFI-B by the Trk/Ras/MAP kinase pathway was involved in controlling NGFI-B nuclear export in PC12 cells (23) . Phosphorylation of nur77 at Ser 350 inhibited its DNA binding and transactivation (19) . Akt was subsequently found to be capable of phosphorylating Ser 350 (42, 47) . In the present study, we demonstrated that MEKK1 is involved in regulating TR3 activity. Expression of constitutively active MEKK1 strongly inhibited TR3 transactivation (Fig. 8A) . The kinase activity of MEKK1 was required for inhibition, since expression of kinase-deficient MEKK1 (MEKK1-DN) failed to suppress TR3 transcriptional activity (Fig. 8B) . The inhibition of TR3 transactivation by MEKK1 was not due to the change in TR3 cellular localization, since cotransfected MEKK1-DA did not cause TR3 relocalization (Fig. 8D) , and was specific to TR3, since it did not inhibit transactivation of ER and TR (Fig.  8E) . Interestingly, MEKK1 failed to regulate the transrepression of GR activity by TR3 (Fig. 8F) . MEKK1 was shown to positively or negatively regulate the transcriptional activity of several nuclear receptors, including androgen receptor (3), progesterone receptor (53), ER (29) , and RXR (21) . However, the molecular basis for regulation of these receptors by MEKK1 was different and appeared to be complex. Enhancement of ER transcriptional activity was mediated through activation of JNK and p38 by MEKK1 (29) , whereas enhancement of progesterone receptor activity is primarily due to its activation of the p42 and p44 MAP kinases (53) . Our results demonstrate that the inhibition of TR3 transactivation by MEKK1 occurred in the presence of inhibitors of Erk and p38, but it was relieved when JNK1-DN was coexpressed (Fig. 10) . Thus, inhibition of TR3 transactivation activity by MEKK1 is due to its activation of JNK1 but not Erk or p38. Modulation of transcriptional activity by JNK has also been demonstrated for other nuclear receptors, including RXR (30, 32) and GR (51) . Our in vitro and in vivo phosphorylation assays (Fig. 11) revealed that JNK could effectively phosphorylate TR3 and that phosphorylation appeared to occur primarily at the N terminus, which is crucial for TR3 transactivation (Fig. 11) . In studying how phosphorylation of TR3 by JNK regulated its biological functions, we observed that phosphorylation of TR3 by JNK resulted in loss of its DNA binding activity (Fig. 11C) . This observation could explain the inhibition of TR3 transactivation (Fig. 8A) and suppression of TR3-induced proliferation (Fig. 9 ) by MEKK1. Because the TR3 DBD is devoid of phosphorylation by JNK, it is tempting to speculate that JNK phosphorylation of the N-terminal end or probably the Cterminal end may inhibit TR3 DNA binding through modulation of its dimerization function.
One unique function of TR3 is that it is required not only for cell proliferation but also for apoptosis. We previously reported that TR3 was induced by the apoptosis-inducing retinoid AHPN in H460 cells, with induction being essential for the apoptotic effect (34) . Our present observation that TR3 was induced by survival factors in H460 cells, mediating cell proliferation, demonstrated that the opposing activities of TR3, survival and death, could occur in the same cells depending on the stimuli. The observation that TR3 expression confers differential biological effects in the same cells appears to be paradoxical. However, our results explain this dichotomy in that TR3 acts in the nucleus to confer its mitogenic effect but migrates to mitochondria to initiate apoptosis in response to the AHPN analog 3-Cl-AHPC (Fig. 7) . In addition, TR3/ ⌬DBD effectively targeted mitochondria (Fig. 6B ) and induced apoptosis (Fig. 5D ) of H460 cells. Further, we show that different domains of TR3 are responsible for its survival and death effects, since the DBD of TR3 is essential for its mitogenic activity but dispensable for its apoptotic effect (Fig. 5) . This observation, together with our finding that 3-Cl-AHPC suppressed TR3 transactivation (Fig. 7B) , demonstrates that transcriptional activation by TR3 is not involved in its apoptotic effect in H460 lung cancer cells. Mitochondrial targeting of TR3 was also shown to mediate the apoptotic effect of Sindbis virus in NIH 3T3 cells (31) . EBNA2, a transcription factor from Epstein-Barr virus, inhibited TR3-induced apoptosis by inhibiting TR3 nuclear export induced either by Sindbis virus or by treatment with 12-O-tetradecanoylphorbol-13-acetate (31) . In PC12 cells, NGF-induced TR3 translocated from the nucleus to the cytoplasm, potentially to regulate cell differentiation (23) . Thus, the cellular localization of TR3 plays a critical role in determining its biological function.
Our finding that the cellular localization of TR3 defines its biological function suggests that TR3 may be a molecular target for developing new anticancer agents. TR3 is often overexpressed in cancer cells, due to the uncontrolled expression of growth factors which induce its expression (56, 62) , but normally it is not expressed in adult cells. TR3 overexpression (28, 54, 66) . Agents that induce translocation of TR3 from the nucleus to mitochondria may potently inhibit the growth and induce apoptosis of cancer cells. In fact, AHPN analogs induce the translocation of TR3 and effectively promote apoptosis in a variety of cancer cells (11, 68) . Interestingly, overexpression of Nor-1, a family member of TR3, in diffuse large B-cell lymphoma was associated with favorable outcome in patients treated with chemotherapeutic agents (54) . Thus, agents that inhibit TR3 transactivation and target TR3 to mitochondria to induce cell death may have therapeutic value by specifically eliminating tumor cells.
